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I. INTRODUCTION
MMC-based variable frequency motor drives (VFDs) have drawn an ever-increasing attention due to their transformer-less structures, high efficiency, and modularity [1] . Comparing with high-voltage direct-current transmission (HVDC), VFDs need to operate at variable frequencies instead of a fixed utility frequency, and their maximum operating frequency can go up to several hundred or thousand Herz [2] . Hence, an MMCbased VFD needs to run at a much wider frequency range. Existing work on MMC-based VFDs has a focus on the low frequencies with the challenging issue in the capacitor voltage fluctuation [3] - [5] . However, even when load frequencies go high, the impact of variable frequencies on the MMCs' reliability remains uncertain.
One of the major issues is the resonant condition caused by submodule (SM) capacitors and arm inductors. For the traditional MMC control method at high frequencies, arm voltage command for each phase is generated using two 180 shifted sinusoidal waves [6] , [7] . Although the output voltage variation depends on different frequencies and magnitudes, the total number of inserted capacitors in each phase leg is kept constant, forming a typical RLC circuit loop with the arm inductors and resistors. For this scenario, the frequency of the circulating current, which is twice the fundamental frequency [6] , may coincide with the circuit resonant frequency and cause resonant oscillation in the current. As a result, the arm current will increase dramatically and may exceed power device current limitation and cause fatal system failures.
Marcin has observed the oscillation phenomenon in MMCs at 50/60 Hz utility frequency application [8] - [11] . He concluded that resonant oscillation in the MMC must be avoided and proposed a solution by changing the hardware design using different SM capacitors or arm inductors. Few papers have studied the resonant oscillation for variable frequency operation. Hence, the contribution of this paper is to investigate the characteristics and mechanism of resonant oscillation in MMC circuits under variable frequency condition. Besides, a straightforward resonant suppression method based on circulating current control [6] is used to damp out the oscillation without changing any hardware design, enabling MMC-based VFDs to operate safely at a high frequency range.
The paper is organized as follows: Section II reviews the circuit and traditional control methods of MMCs. Section III analyzes the characteristics and mechanism of the resonant oscillation of MMCs by using a Laplace model and Bode diagrams, followed by a straightforward suppression method to damp out the oscillation. Section IV presents the simulation results to clarify the impact of resonant oscillation on MMC performance. The suppression method can effectively reduce circulating current several times smaller. In section V, a 7-level SiC-based MMC prototype is developed to verify the resonant oscillation phenomenon and the effectiveness of the suppression method. Fig. 1(a) shows a typical three-phase MMC inverter. The main MMC circuit consists of two arms per phase leg where each arm includes N identical series-connected SMs, and an inductor. In this paper, N=6 means each arm has six SMs. A half-bridge power module is used for the SM design in the MMC. For the traditional MMC operation principle, two 180-degree shifted sinusoidal waves with a half DC-bus voltage This research is funded by the U.S. Department of Energy through award number offset are used in the upper and lower arm voltage command, as (1) and (2) show. The output voltage depends on the difference between lower and upper arm voltage, following (3). The total inserted capacitor voltage in one phase leg equals the SM number N in one arm, as shown in (4) . By controlling the modulation index ma and frequency , the output AC voltage magnitude and frequency can be adjusted directly. However, the total inserted capacitor number Nleg_total for each phase leg will not be changed during this process. Hence, the MMC circuit diagram for each phase leg can be transformed into Fig.1(b) in terms of total inserted capacitors. All the inserted capacitors, arm inductors, and equivalent arm resistors in one phase leg can form a typical RLC circuit connected with a DC power source. 
II. CIRCUITS AND MODELING REVIEW OF MMCS

III. PRINCIPLE OF RESONANT OSCILLATION IN MMC AND ITS SUPPRESSION METHOD
For a MMC circuit, voltage differences can be generated between the total voltage of the inserted SM capacitors and DC bus voltage due to capacitor voltage fluctuations, which is defined as in the paper. Hence, the circuit in Fig.1 (b) can be further transformed into the equivalent circuit in Fig.2 (a) . In this figure, Cleg, Lleg and Rleg represent the total capacitance, inductance, and resistance for each phase leg respectively. The circulating current iz, denoted in the red dash line, is the circulating current induced by . It is easy to observe that Fig.2 (a) is a typical RLC circuit, with a resonant frequency fo as (5) shows. In this scenario, iz enters resonant oscillation when its frequency gets close to fo. Since the output frequency fac is half of the frequency of iz [6] , relationship between fo and fac can be achieved in (6) when iz is in resonant condition. (7)- (9).
Fig . 3 shows the correlation map between fac, Cleg, and Lleg based on (6) . It identifies the load frequency at resonant condition based on the value of the selected SM capacitance and arm inductance. The x-axis is capacitance and y-axis is inductance for one phase leg. The color shows the corresponding load frequency. Cleg varies from 0.1 to 2 mF, and Lleg 0.1 to 2 mH, which represents a wide range of SM capacitors and arm inductors in MMCs [4] - [6] . This figure indicates that MMCs with selected Cleg and Lleg can enter resonant condition when their operating frequencies are between 100 to 800 Hz. However, the motor drive for a highspeed machine can cover the same frequency range [7] , [8] . Therefore, it is significant to propose a solution to avoid the resonant condition. Fig. 4 shows that the magnitude of transfer function at resonant frequency reaches a magnitude of 10, which means Iz can be ten times higher than those frequencies without resonant condition theoretically. It verifies that 1) resonant oscillation can occur in MMC-based VFDs during wide frequency operation 2) Iz can increase significantly around resonant frequency. When Iz is excessively big, major components such as switches, capacitors and arm inductors may be damaged permanently, which must be avoided. A feedback closed-loop control method of Iz, based on paper [6] , is used in this paper to suppress the resonant oscillation in MMC. Circulating reference is set to zero. Fig. 5(a) shows the modified transfer function diagram by adding a negative feedback branch in the . Eq. (10) shows modified transfer function when the additional Iz control is used . K is the control gain, which can adjust the strength to suppress circulating current. When the circulating current becomes bigger, a negative voltage component will be added in to reduce Iz magnitude. Hence, this method can be used to suppress Iz at resonant condition. Fig.5(b) shows the corresponding control diagram. When the MMC enters the resonant condition, AC term of Iz will be controlled close to zero, which means the resonant oscillation can be suppressed. Fig.5(c) shows the frequency response between 10 to 100 kHz by applying the proposed method with variable control gains. Capacitor and arm inductor at point A is selected as an example. K=0 means that no suppression control is added. The results indicate that the peak at resonant frequency can be reduced effectively by adding Iz suppression control. A higher gain K can achieve better suppression results. It's necessary to discuss the problems of a too high K.
IV. SIMULATION RESULTS
To investigate the phenomenon of circulating current resonant oscillation at a high frequency range, a full MMC system model using a 7-level circuit structure with a 7 kV DCbus voltage is implemented for computer simulation. In the MMC, each arm has 6 SMs and each phase 12. The SM capacitor is chosen as 0.62 mF and arm inductor 0.25 mH, represented by point A in Fig.3 . The specifications of MMC simulation model are shown in Table I . The variable frequency operation is tested from 100 to 1000 Hz. Figs. 6 (a) and (b) show the variable frequency operation results with and without resonant suppression control. The operation frequency starts from 100 Hz, and gradually ramps up to 1000 Hz. The load current magnitude is kept at the rated current (280 A in RMS). In the figure, Iz is the circulating current in one phase leg, and Iarm is the upper arm current of the same phase. It is noticed that a huge magnitude of Iz occurs around the resonant frequency in Fig. 6 (a) . Before or after that frequency, Iz magnitude reduces dramatically. It verifies that the resonant oscillation exists in the high-frequency range when the traditional method is applied, resulting in excessive big circulating current. Fig. 6 (b) shows results when the proposed suppression method is used. Large Iz disappears around the resonant frequency. For the variable frequency operation from 100 to 1000 Hz, both of circulating and arm currents are kept small and do not increase around the resonant frequency. Hence, this verifies that the proposed resonant suppression control can successfully damp out resonant oscillation. Figs. 7 (a) and (b) show the details of capacitor voltage, circulating current and arm current at maximum resonant frequency. Fig. 8 shows the comparison results of MMC performance without and with resonant suppression control under the same condition. Circulating current peak Iz_peak, arm current peak Ip_peak, MMC conduction loss, capacitor voltage ripple Vripple and load voltage harmonics are examined here. The results indicate Iz can be reduced significantly from 363 A to 20 A by 90% using the resonant suppression control method. Meanwhile, the arm current and capacitor voltage ripple can be reduced by half. Since the conduction loss of MMC is proportional to the square of arm current, it can be reduced to one fourth when the resonant suppression control is enabled. Hence, removing resonant oscillation can not only reduce Iz effectively, but also improve MMC's performance in capacitor voltage balancing and overall conduction losses. A 7-level MMC with single-phase circuit structure has been developed and built as shown in Fig. 9 to study the resonant oscillation [11] , [12] . Each submodule uses the half bridge circuit topology and takes advantage of 1.7 kV Rohm SiC power modules. The controller board consists of a digital signal processor (DSP) and a field-programmable gate array (FPGA), implementing the control algorithm and generate all the gate control signals for each submodule. Based on the selected submodule capacitor and inductor, the resonant frequency is around 500 Hz. This MMC testbed is tested at 1000 Hz with a modulation index of 0.8. Fig 10 shows the 7-level load and arm voltages as well as a low-harmonic sinusoidal load current. This verifies the test bench functions well at 1000 Hz when no resonant oscillation happens. Fig . 11 shows the MMC test result without and with the resonant suppression control at the resonant condition. Both of them are tested at 1.2 kV DC bus voltage with 50 A (RMS) load current. For the traditional MMC operation with no resonant suppression control, circulating current peak can reach 102 A, and arm current peak 125 A. By contrast, when enabling the resonant suppression control, circulating current peak is reduced by around 80% to 15 A and circulating current peak is reduced to 50 A. This shows similar result with the simulation. Meanwhile, it is obvious that the distortion in arm and load voltages become smaller and load current become more stabilized. This is because the reduced arm current causes smaller capacitor voltage ripple, resulting in better harmonic performance in both of arm and load voltages. Hence, experimental test also verifies the resonant suppression control can effectively damp out circulating current resonant oscillation, resulting in improved system performance in arm current reduction and voltage harmonics mitigation.
VI. CONCLUSION
This paper studies the phenomenon and mechanism of circulating current resonant oscillation in MMC for variable frequency operation, following a straightforward method to reduce circulating current at resonant condition. Both of simulation and experiment results verify circulating current oscillation occurs around resonant frequency. The resonant suppression method based on circulating current control can effectively damp out resonant oscillation, reducing circulating current by 80%, resulting in significantly reduced arm current and capacitor voltage ripple. This can contribute to smaller MMC conduction losses and improved arm and load voltage harmonics performance. 
